Offset neurons, which fire at the termination of sound, likely encode sound duration and serve to process temporal information. Offset neurons are found in most ascending auditory nuclei; however, the neural mechanisms that evoke offset responses are not well understood. In this study, we examined offset neural responses to tonal stimuli in the inferior colliculus (IC) in vivo with extracellular and intracellular recording techniques in mice. Based on peristimulus time histogram (PSTH) patterns, we classified extracellular offset responses into four types: Offset, Onset-Offset, Onset-Sustained-Offset and Inhibition-Offset types. Moreover, using in vivo whole-cell recording techniques, we found that offset responses were generated in most cells through the excitatory and inhibitory synaptic inputs. However, in a small number of cells, the offset responses were generated as a rebound to hyperpolarization during tonal stimulation. Many offset neurons fired robustly at a preferred duration of tonal stimulus, which corresponded with the timing of rich excitatory synaptic inputs. We concluded that most IC offset neurons encode the termination of the tone stimulus by responding to inherited ascending synaptic information, which is tuned to sound duration. The remainder generates offset spikes de novo through a post-inhibitory rebound mechanism.
Introduction
Natural sounds have several features, such as frequency, level, duration and timing, and these features provide abundant information for animal communication. Inferior colliculus (IC) is believed to be the first integrative center for processing complex sounds because all sound information converges in this brain region. Synaptic inputs from the unilateral and bilateral lower auditory nuclei, as well as the descending projections from the auditory cortices, all converge in this region (reviewed in Casseday and Covey, 1996) . As a result, IC neurons show a variety of firing patterns that represent various types of auditory information (Ehret and Moffat, 1985; Knudsen and Konishi, 1978; Toronchuk et al., 1992; Casseday et al., 1994; Wang et al., 2006) . Sound duration is thought to be one of the essential information for auditory processing and complex cognitive function. To represent sound duration, certain neurons fire continuously during the stimulus, and other neurons fire at the stimulus offset to encode its termination. The neurons that encode * Corresponding author. Present address: Department of Developmental Physiology, National Institute for Physiological Sciences, Okazaki, Japan. , 1991; Grothe, 1994; Kuwada and Batra, 1999; Behrend et al., 2002; Kulesza et al., 2003; nuclei of lateral lemniscus, Covey and Casseday, 1991; medial geniculate body, He, 2001; auditory cortex, Recanzone, 2000; Scholl et al., 2010) . Recently, the offset firing mechanism in superior paraolivary nucleus (SPON) was proposed to be due to a disinhibition mechanism (Kulesza et al., 2007) . Moreover, post-inhibitory rebound firing facilitates the preciseness of the offset responses (Felix et al., 2011; KoppScheinpflug et al., 2011) . A convergence of post-inhibitory rebound and delayed excitatory inputs has been suggested to create offset firing in duration-sensitive neurons in the IC (Casseday et al., 1994; Mora and Kössl, 2004; Faure et al., 2003) . Computational models have also been proposed for mechanisms that create fine duration selectivity (Aubie et al., 2009) . Recent in vivo whole-cell recordings in the IC demonstrated the presence of offset spikes in bats and mice (Xie et al., 2007; Tan and Borst, 2007) ; however, detailed offset firing mechanisms have not been determined. In this paper, we conducted in vivo recordings from offset neurons in the IC extracellularly and intracellularly in mice, and we found that offset firing is generated by at least two distinct neural mechanisms: specifically, one is a rebound firing that is induced by membrane hyperpolarization during tone and the other is the firing that is
